Introduction
Improved oil recovery is said to be the heart of oil production (Kokal and Al-Kaabi; . As the increase of oil recovery beyond its limits can alleviate the issues related to the global energy supply. The world daily production of oil which comes from reserves replacement and mature fields are not meeting up the growing demand for oil globally. This challenge calls for the advanced methods of increasing recovery factor. Oil reservoirs that have undergone primary production and secondary waterflooding usually have an estimated 35-45 percent of the original oil in place remaining when the economic limit of the waterflooding has been attained (Zitha et al.2011) . While tertiary enhanced oil recovery which involves the injection of fluids that will interact with the reservoir rock /oil creating conditions that are favourable to oil recovery after secondary waterflooding. These interactions might be oil swelling, lowering of interfacial tension, oil viscosity reduction. An effective EOR process must be able to mobilise residual oil efficiently by creating an oil bank to the production wells. Tertiary chemical oil recovery includes surfactant flooding, polymer flooding, and alkaline-surfactant-polymer flooding (Green and Willhite. 1998; Kokal and Al-Kaabi. 2010; Pwaga et al. 2010) . Surfactants are used in chemical flooding to reduce oil/water interfacial tension and increase the capillary number. The most important designing factor in surfactant flooding enhanced oil recovery is to choose a surfactant formulation capable of mobilising oil without phase separation and adsorption. For a surfactant to create low interfacial tension, there has to be a compatibility between the surfactant blend, reservoir conditions and crude oil. Other requirements for surfactant selection includes thermal stability, brine electrolyte compatibility and commercial availability at sufficient quantities. These requirements are necessary because of the harsh reservoir conditions of petroleum reservoirs which sometimes make it very challenging for chemical enhanced oil recovery (Barnes et al.2008; Bera et al.2001; Donaldson et al.1989 ). Due to the high cost of surfactant flooding which is as a result of the cost of chemicals, implementation of this technique is inhibited. This has brought about different researchers to look for ways in reducing the cost of application by an order of magnitude. Low concentration surfactant flooding has been the focus of recent research in a bid to create a more economical means of lowering interfacial tension. The use of low concentration surfactant can also lead to lower adsorption in the porous medium and limit the risk of emulsion formation in surface facilities (Michels et al.1996) . Anderson et al (1976) studied interfacial tension and phase behaviour in a surfactant-brine-oil system. They discussed that at low surfactant concentration, less than 1% w/w, a low interfacial tension can also be achieved. They also showed that at low surfactant concentration, the lowest interfacial tension can be achieved at a particular hydrocarbon chain length. Cayais et al (1975) measured interfacial tension using very low surfactant concentrations ranging from 0.1 to 0.5 % w/w while studying low interfacial tension in complex hydrocarbon mixtures. They were able to show that very low surfactant concentrations can reduce interfacial tension by 2 to 3 magnitudes. A surfactant such as alcohol alkoxy sulfate (AAS) has been used to create low interfacial tension in several studies. The phase behaviour experiment in these studies have been conducted using NaCl as the only salt present in the brine and light crude oil or decane as the oil phase. The conclusions are that alcohol alkoxy sulfate can achieve high solubilisation ratio which is an indicator of its ability to create low interfacial tension (Elraeis and Ahmed, 2014; Majadie et al.2015 , Puerto et al.2014 . Since AAS has been identified to create low interfacial tension in light crude and monovalent brine, it is also necessary to demonstrate its ability to be effective in reservoir conditions and on a different crude oil system. This paper will present work to evaluate very low concentration alcohol alkoxy sulfate in hard brine and medium crude oil. Other objectives of this paper include 
Background
To mobilize the remaining oil trapped by capillary forces in the reservoir, a capillary number large enough to overcome the capillary forces has to be created to allow the trapped oil to flow. The capillary number during waterflood which can produce oil to residual saturation has to be increased in an order of two to three magnitudes to enable additional oil recovery. Capillary number can be increased in so many ways, they include  Increase of displacing fluid viscosity  Increasing the displacement pressure gradient  Decreasing interfacial tension Reduction of interfacial tension between the displaced fluid and displacing fluid is the most practical option for increasing the capillary number (Ahmed and Meehann, 2012) . There have been several equations and experiments which have data's showing that the increase in capillary number causes a reduction in residual oil saturation (Sheng, 2015) . Equation 1 below shows the relationship between capillary number and interfacial tension which is the ratio of the viscous forces to the capillary forces
Where N is the dimensionless capillary number, v is Darcy velocity displacing fluid (m/s),µ is the viscosity of the displacing fluid and σ is the interfacial tension that exists between the displacing and displaced fluids while θ is the contact angle (Terry,2001; Ahmed and Meehan,2012; Puerto et al.2015; Iglauer et al.2010) . Surfactants are transported in the reservoir in the form of microemulsion during surfactant flooding. This is as a result of the interaction between the aqueous phase containing the surfactant and the hydrocarbon phase (Bae, 1974) . It has been shown that the key factor in determining the success of oil recovery is by interpreting the oil/brine/surfactant system (Healy et al.1974) . Microemulsions are thermodynamically stable, hence do not require high energy input or shear conditions for their formation. The microemulsion phase is transparent, has low viscosity and can create low interfacial tension. The aqueous phase may contain salts and the oil can contain complex hydrocarbons. Winsor first described the behaviour of microemulsion as type I (oil in water) which has a lower phase microemulsion in equilibrium with excess oil, type II (water in oil) with upper phase microemulsion in equilibrium in excess brine and the type III which has middle phase microemulsion in the water-oil region (Salager et al.1979) . To find regions where ultra-low interfacial tension is created by high solubilisation ratios, the microemulsion phase behavior needs to be studied. This established relationship between interfacial tension and microemulsion is what is used to screen surfactants suitable for chemical flooding.
When the salinity of anionic surfactant solution is increased, there is a transition of microemulsion phase from Winsor type I to type III to type II. The transition of surfactants from one phase to another phase is dependent on the several factors such as temperature, surfactant type and structure, oil properties and brine electrolyte. The low interfacial tension is measured by examining the phase behaviour of the microemulsion system where a high solubilisation ratio is obtained. It is crucial that the surfactant forms a three-phase system (middle phase microemulsion) when it is injected into the reservoir to achieve the very low interfacial tension. This is because the lowest interfacial tension is achieved when a middle phase microemulsion is formed (Hirasaki et al. 2011; Buijse et al. 2010) .
To increase surfactant solubility of anionic surfactants in brine and to prevent the formation of viscous phases, co-solvent such as alcohol and co-surfactants can be added. The solubilisation parameter indicates the amount of water and oil that has been solubilised in the microemulsion phase per volume of surfactant (Spildo et al. 2012) . The oil or water solubilisation is defined as the volume of oil or water that has been solubilized into the microemulsion phase per unit weight of the surfactant. Oil solubilisation ratio can be expressed as the ratio of the volume of oil to the volume of the surfactant ECMOR XV -15 th European Conference on the Mathematics of Oil Recovery 29 August -1 September 2016, Amsterdam, Netherlands (Vo/ Vs) and water solubilisation ratio as the ratio of the volume of water to the volume of surfactant (Vw/Vs) (Chou and Shah. 1981; Elraies and Shehzad-Ahmed.2014 ). Healy et al (1976) represented oil and water solubilisation ratio graphically. They measured each volume of solubilised oil and water in neat surfactant solution to obtain water and oil solubilisation ratios. This data was used in obtaining optimal salinity by plotting the solubilisation ratio of oil and water as a function of the salinity for salinity scans that look promising. The point at which equal oil and water volume have been solubilised is the point on the graph were the solubilisation ratio of oil and water intersects. This defines the optimal salinity. This same method is used in this paper to obtain solubilisation ratio and optimal salinity. The optimal salinity is the salinity at which the interfacial tension between oil and microemulsion phase is equal to the interfacial tension between the microemulsion and water phase. As a result of the relationship between the optimal salinity and interfacial tension, it is necessary to estimate both properties when choosing a surfactant blend for chemical flooding (Elmofty, 2012) . Huh proposed a correlation that relates the interfacial tension to the solubilisation ratio and the interfacial tension at optimum salinity. This equation proposed by Huh was able to give an accurate estimation of interfacial tension (Levitt et al. 2006 ).
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Where C is a constant and is approximately 0.3mN/m for most crude oil. is interfacial tension and is the solubilisation ratio (Fuseni et al. 2013; Huh.1979) . For a surfactant to create very low interfacial tension, the solubilisation ratio should be above 10.
Experimental materials and methods
The composition of the hard brine used in this study is given below in table 1. De-ionized water was used to prepare the brine. The different surfactants used for this study are given in table 2 below. All surfactants used are in this study are anionic. Screening of surfactants involves using the pendant drop method. The pendant drop method cannot be used to measure very low interfacial tension but it can be used to identify surfactants that can create low interfacial tension without co-surfactants. Usually, surfactants that can create very low interfacial tension do not create a perfect drop shape with oil when using the pendant drop method. This observation was used to select the primary surfactant as the other surfactants formed a perfect drop shape with hard brine and crude oil.
Aqueous stability
Aqueous stability test ensures that the surfactant is injected in a single phase, does not form precipitates and is not cloudy when used for chemical flooding. For this to happen, the surfactant and co-surfactant have to be compatible with the injected brine. The brine was mixed with the surfactant and co-surfactant, and the solutions were kept in a sealed test tube for three days in the oven at 60°C. After three days, solutions that are cloudy will be discarded and transparent solutions were selected for phase behavior experiment. All aqueous solutions are meant to be clear up to the highest salinity with co-surfactants. As a transparent injection solution will prevent the formation of precipitates, gels and crystal when injected into the reservoir.
Phase behaviour experiment
Phase behavior experiment was conducted for salinities ranging from 1% -7%. Aqueous and oil phases were put in a 5ml glass pipette. The bottom of the pipette was flamed sealed while the top of the pipette was closed with a rubber stopper. Different blends of aqueous solutions were tested. The first blend is AAS/ IOS. The second blend is AAS/ MES. The third blend contains AAS as the only surfactant. The aqueous and oil phase were introduced volumetrically into the pipette using a pipette. Pipettes were arranged in racks in order of increasing salinity. The volume of both phases (aqueous and oil) were 2.5ml each in the pipette. In the aqueous phase, the concentration of the surfactant was kept constant while the salinity of the brine was varied within the range of 1%-7%. 0.1vol% concentration was used for all surfactants and co-surfactants. The pipettes were allowed to equilibrate in the oven at 60ºC which corresponds to reservoir temperature. A thermometer is placed in the oven to monitor any temperature changes. After waiting for 30 minutes the pipettes were agitated mildly by inverting the pipette to enhance mixing of the aqueous and oil phase. The pipettes were monitored daily with subsequent agitation. The volume of each phase was recorded at time intervals after three days. Solutions in the pipettes that did not form any microemulsion phase within the first seven days were discarded. Phase volumes were measured until there was no further change in the microemulsion phases. The volume of the aqueous phase and oil phase was used to estimate the solubilisation ratio.
Core flooding experiment
To validate the effectiveness of very low concentration AAS with and without co-surfactant, core flood experiments were conducted. The core flood system used consists of a core holder, accumulators for fluid injection. A differential pressure transmitter was connected and the injection and production points in the core flood system to measure the differential pressure. A Teledyne pump was connected to the accumulator to pump the fluids into the core sample. A back pressure regulator was used to apply a back pressure of 30psi.This pressure was applied to the production end of the core flood system to control the pressure in the system. The differential pressure and volume produced were recorded at different times. Differential pressure data was collected using the Bronkhorst ECMOR XV -15 th European Conference on the Mathematics of Oil Recovery 29 August -1 September 2016, Amsterdam, Netherlands software installed in a computer connected to the differential pressure transmitters while the oil recovery data was collected using a test tube. The core flooding experiments are conducted with a Bentheimer sandstone core sample. The core samples were cleaned in a soxhlet using toluene and methanol to dissolve all salts, oil and chemicals from previous experiments. The core sample was kept in the oven to dry. A vacuum pump was used to saturate the core sample and the pore volume was calculated. The core flood system was set up with the core sample placed in the core holder. A confining pressure of 500psi was applied to the core holder. Brine was injected into the core sample at different flow rates to determine the absolute permeability. After which the core sample was flooded with crude oil to establish connate water saturation. Waterflooding was conducted at a flow rate of 0.1ml/min which is equivalent to oil field flow rate of 1ft/day. After waterflooding, the core sample was taken out of the core holder and another core sample with identical properties was placed in the core holder. Surfactant-enhanced waterflooding was conducted for all surfactant blends to have all the experiments start with the same initial conditions. For the surfactant flooding, the core sample was flushed with several volumes of surfactants. This was done to fulfil surfactant adsorption on the surface of the rock. Oil was injected at a flow rate of 0.1ml/min and then injection of aqueous solution to displace the oil. Figure 1 is a schematic of the core flood apparatus used for displacement experiment. 
Discussion
The results from the aqueous stability test showed that AAS solution with hard brine did not become cloudy or form precipitates up to 5.7% salinity, at 6.0% -7% salinity the solution stayed cloudy for about 10 minutes and became hazy at room temperature. When the solutions were placed in the oven for two days, they did not become completely clear. The surfactant blends of AAS/IOS were transparent from 1% salinity up to 7% salinity, this also was the case for AAS/MES. These two as they remained remained stable even at 60°C in the oven. The solution blend of AO/ AAS was discarded as the solution remained cloudy for three days. This shows that the combination of AAS/IOS and AAS/MES increases the stability of AAS in hard brine. 
Microemulsion phase behaviour
The microemulsion phase for AAS surfactant began to form after two hours at room temperature. When the pipettes were placed in the oven at 60°C, the type III microemulsion became visible at intermediate salinities. At the lowest salinities, type I microemulsion phase was formed. Type III microemulsion phase was noticed at salinities from 3%. For some salinities, no microemulsion phase was formed and these solutions were discarded. The microemulsion phases followed the typical Windsor phase behavior. As the salinity increases, the water solubilisation ratio decreased while the oil solubilisation ratio increased. The solubilisation ratio at optimal salinity was 9.5. The solubilisation ratio is high enough to achieve very low interfacial tension. The ability of very low concentration alcohol alkoxy sulfate to have high solubilisation ratio with hard brine is as a result of the propoxy group present in the surfactant and the match between the AAS chain length and the crude oil (Elraies and Shehzad-Ahmed.2014; Leung and Shah.1987) . Although a high solubilisation ratio was achieved, the microemulsion phase formed in alcohol alkoxy sulfate with hard brine was viscous. Initially, when the phase became viscous, the pipettes were brought out of the oven and agitated several times to reduce the formation of viscous microemulsion phase. The high viscosity of microemulsion phase can cause high surfactant retention during surfactant flooding. This is due to the difficulty in transporting the fluids in the reservoir at low-pressure gradients. Figure 3 shows pipettes with microemulsion phase formed and figure 4 shows a plot of water and oil solubilisation ratio against salinity for phase behaviour test. The calculated interfacial tension for surfactant using Huh's correlation is 3. 
Effect of co-surfactant internal olefin sulfonate
The most promising of all three surfactant blends is the alkoxy sulfate with internal olefin sulfonate. Formation of microemulsion phase started 30minutes after the surfactant blend was introduced into the pipette with the oil. As the solutions in the pipettes were placed in the oven, equilibration time for microemulsion phase became quicker compared to the other two surfactant blends. The micro emulsion phase formed was not viscous. The microemulsion phase transitioned from Type1 at low salinities from 1% to 3.08% while from 3.54 to 6.12% salinity. The middle phase Type III microemulsion phase was formed. From the phase behavior plot in figure 5 , the solubilisation ratio at optimum salinity in the AAS/IOS blend was 17 compared to 9.5 0btained with AAS. This shows that optimizing AAS with IOS is very successful as it reduces the viscosity of AAS and increases the ECMOR XV -15 th European Conference on the Mathematics of Oil Recovery 29 August -1 September 2016, Amsterdam, Netherlands solubilisation ratio. Thus, higher solubilisation ratio can lead to a very much lower interfacial tension as a solubilisation ratio of 10 can create an interfacial tension of 0.003mN/m (Levitt et al.2006) . The plot of solubilisation ratio against salinity in figure 5 shows that the presence of internal olefin sulfonate as a co-surfactant resulted in a decrease in optimal salinity. This is because of the interaction between the sulfonate ions and divalent ions present in the brine. The optimal salinity has been described to be a linear deceasing function of the concentration of divalent ions associated with the sulfonate ions (Glover et al.1989) . Using Huh's correlation, the calculated interfacial tension of this surfactant blend is 1.0 x 10 -3 mN/m. 
Effect of co-surfactant methyl ester sulfonate
The formation of microemulsion phase for the AAS and MES blends was slower compared to the AAS/IOS blends but equilibration was faster compared to AAS. The type III microemulsion phase formed from 3.8% salinity to 6.2% salinity. There were no microemulsion phases formed in the pipettes at very low salinities after seven days for this surfactant blend. No type I or Type II microemulsion phases were formed for this surfactant blend. The solutions in these pipettes were discarded. AAS/MES blend was able to form a gel-free and less viscous microemulsion phase. The solubilisation ratio at optimal salinity increased from 9.5 when only AAS was used to 14 when MES was introduced as a co-surfactant. There was an increase in the optimal salinity of this surfactant blend and this shift in optimal salinity can be as a result of short chain alcohol methanol present in the methyl ester sulfonate. As short chain alcohol can cause increase in optimal salinity (Sheng.2011) . The water/oil solubilisation ratio plot in figure 6 shows the shift of optimal salinity when co-surfactant MES was introduced. Using Huh's correlation to calculate interfacial tension, the interfacial tension of this particular surfactant blend is 1.5x10 -3 mN/m. 
Oil recovery surfactant enhanced waterflooding
The confining pressure was monitored all through the experiment and reduced whenever it increased. The use of temperature during coreflooding caused the increase in confining pressure. Figure 7 shows a plot of oil recovery against pore volume injected for the three different surfactant blends and waterflooding. Results from the core flooding tests shows that the highest oil recovery was obtained with the AAS/IOS surfactant blend. There was no significant increase in oil recovery with AAS from waterflooding. The lack of significant change in the oil recovery during surfactant enhanced flooding with AAS maybe as a result of viscous microemulsion phase formed when AAS interacts with the oil and brine. AAS/MES blend was able to give an increase in oil recovery but a much lower oil recovery that the AAS/IOS blend. It was observed that oil recovery rate increased with AAS/IOS blend. Although water breakthrough was earlier than the AAS/MES and AAS, a substantial amount of oil had already been produced from the core sample. 
Conclusions
The conclusions of this study are:
 Very low surfactant concentration can also create a type III microemulsion phase which is an indicator of creating low interfacial tension. Using Huh's correlation to calculate interfacial tension, the surfactant blend of AAS/IOS gave the lowest interfacial tension.  Alcohol alkoxy sulfate can be made more stable at very high salinities in hard brine by introducing co-surfactants such as internal olefin sulfonate and methyl ester sulfonate. The surfactant alone in hard brine and medium crude oil creates a viscous microemulsion phase.  The co-surfactants decreased equilibration time and were able to form a stable type III microemulsion phase. Ultra-low concentration of alcohol alkoxy sulfate with co-surfactant can create low interfacial tension as a solubilisation ratio greater than 10 was obtained from the phase behavior studies  Oil recovery improved with ultra-low concentration alcohol alkoxy sulfate with co-surfactants methyl ester sulfonate and internal olefin sulfonate.  The most promising co-surfactant to optimize alcohol alkoxy sulfate is the internal olefin sulfonate. As it has shown to increase solubilisation ratio and can create substantial oil recovery.
